Computed tomographic scanning of the petrous bone and magnetic resonance imaging sequences of the inner ear and cerebellopontine angle of a deaf patient were performed to find an explanation for his deafness, and to establish whether he would be a good candidate for cochlear implantation. The imaging features were considered pathognomonic for incomplete partition type III (IP type III). Further management and discussion of this deafness subtype are detailed.
Introduction
The best responses received for this temporal bone imaging quiz case were from Dr T.E. Buthelezi and Dr Herman van Vuuren. Congratulations to them.
Background
Computed tomographic (CT) scanning of the petrous bone and magnetic resonance imaging (MRI) sequences of the inner ear and cerebellopontine angle of a deaf patient were performed to find an explanation for his deafness, and to establish whether he would be a good candidate for cochlear implantation.
Diagnosis
The CT images of the temporal bone showed a normal aspect of the mastoid, tympanic membrane middle ear cavity and ossicular chain bilaterally (not shown in detail in Figure 1 ). The abnormalities can be seen in the inner ear structures (Figure 1 ). The images show bilateral bulbous dilatation of the internal auditory canal (IAC). The bone plates at the fundus of the IAC, which separate them from the cochlear basal turn, are absent. The modiolus is deficient, with a present interscalar septum, giving the dysplastic cochleas a corkscrew appearance. This corkscrew appearance is also apparent on 3D T2 MR-imaging ( Figure 2 ). Also visible is the minor dilatation of the labyrinthine segment of the facial canal on the right, and of the tympanic segment of the facial canal on the left (Figure 1 ). These specific imaging features are considered pathognomonic for incomplete partition type III (IP type III).
The patient underwent cochlear implantation on the right side. Insertion of the electrode of the cochlear implant was troublesome but complete. Upon cochleostomy, expected perilymph gushing owing to a fistulous connection between the IAC and the cochlea occurred. The gushing was controlled and properly sealed. Perioperative impedance measurements of the electrodes and brainstem responses showed good measurements for apical and basal electrode contacts, but not for those in between. Postoperative imaging confirmed an unusual position of the electrode, with parts of it bulging into the IAC (Figure 3) . Apparently, the tip of the electrode had been blocked in the upper basal turn during insertion, causing part of the middle portion of the array to bulge into the internal auditory meatus, when the surgeon tried to achieve full insertion. Despite this unfavourable electrode position, the patient recovered well from surgery and, with an adequate fitting, postoperative performance of this prelingually deaf adult was acceptable (up to 55% of phonemes correct on a monosyllabic word test on a CD in quiet), with the patient able to hear sufficiently to participate normally in conversation.
Discussion
The combination of clinical and imaging findings in this patient are characteristic of IP type-III, which is often also referred to as X-linked deafness type 2 (DFNX2). 1, 2, 3, 4, 5, 6, 7, 8, 9 This inner ear anomaly is a rare congenital cause of progressive mixed (conductive and sensorineural) hearing loss. It is the rarest form of incomplete partitioning, representing about 2% of all inner ear malformations. The simultaneous occurrence of bilateral bulbous dilatation of the IAC, absence of the lamina cribrosa separating the IAC from the cochlear basal turn, absent modioli and dilatation of the first two segments of the facial canal should make one aware of the diagnosis of IP type-III. Glasscock, using coronal section polytomography, 11 recognised the dilatation of the IAC already in the early 1970s. With improving technology, more detailed descriptions were published, 12, 13 with dilatation of the facial canal noted for the first time in the 1980s.
14 In a few DFNX2 patients, medialisation of the origin of the vestibular aqueduct and slight dilatation of this structure have also been described. 5 The modiolus is completely absent, but interscalar septa are present. 15 The cochlea is positioned at the lateral end of the IAC instead of the usual anterolateral position, resulting in the corkscrew appearance 10 but, contradictory to the initial reports using polytomography, 4 is considered to have normal external diameters. 16 The slight dilatation of the first two segments of the intratemporal facial nerve may be accompanied by an abnormal, superior position of the labyrinthine segment in relation to the cochlea. In addition, enlargement of superior vestibular nerve canals has been reported in some patients with IP type-III. 9 The round window may be small and artretic. 9 The absence of the bony partition between the IAC and cochlea allows a direct fistulous connection between the subarachnoid space and the perilymph in the labyrinth. Intracranial pressure is transmitted to the perilymphatic spaces (scala vestibuli and scala tympani), leading to an increased pressure impinging on the cochlear duct 17 ; this may cause progressive inner ear dysfunction, eventually leading to sensorineural hearing loss. Patients may also show impaired vestibular function, as demonstrated in the current patient.
18
DFNX2 is also associated with fixation of the (thickened) stapedial footplate, leading to the alternative term 'conductive deafness with stapes fixation' (DFN3). The increased pressure in the perilymphatic compartment, in particular within the vestibule, interferes with normal movement of the stapedial footplate, resulting in immobilisation. 17 In this respect, the audiogram can be misleading, and suggest a false diagnosis of otosclerosis. Stapedectomy, in an attempt to improve the conductive portion of the hearing loss, is, contraindicated in affected individuals, however. Removal of the immobilised stapedial footplate results in a perilymphatic gusher owing to the fistulous connection between the internal auditory canal and the cochlea. 19 Because of attempted stapedectomy with resulting leakage in the past, the anomaly is sometimes referred to as 'X-linked stapes gusher'. DFNX2 is caused by a mutation in or around the POU3F4 gene on chromosome Xq21. 20 It is one of at least five loci implicated in congenital deafness. 21, 22 It is found in approximately 50% of families with X-linked hearing loss. 23 Most of the other types of X-linked hearing loss, such as X-linked deafness type 3 (DFNX3, DFN4), show no evidence of radiographic abnormalities of the temporal bone. However, the X-linked congenital deafness that was ascribed to a mutation on the type IV collagen gene COL4A6 recently showed CT findings remarkably similar to DFNX2, 21 which questions whether the terms IP type III and DFNX2 should be used interchangeably. Because of the X-linked recessive inheritance pattern, affected individuals with this type of mixed hearing loss are mostly male. These male patients typically present with profound hearing loss at birth, rapidly progressing to severe deafness within the first decade of life. 23 Although similar CT findings have been observed in affected female patients, 24 female carriers tend to have milder forms of the same anomaly, 4,18 resulting in normal hearing or only mild, moderate or delayed-onset hearing loss. 1, 9 However, CT imaging should be obtained in female patients with suspected family history who present with clinical features of the disease. 24 Despite the absence of a family history, as in our patient, a radiologist should suggest the diagnosis of DFNX2 when typical inner ear abnormalities are seen on CT. MRI with a 3D constructive interference in steady state (CISS) should be obtained to confirm the presence of cochleovestibular nerves in the event that cochlear implantation is considered. Preferably, an experienced neuroradiologist should interpret the imaging studies. 9 A correct imaging diagnosis before surgical intervention might avoid a perilymphatic gusher and consequent complications, such as increased hearing loss or (recurrent) meningitis, in the patient, or even in other family members with hearing loss. Recurrent meningitis may also occur spontaneously. 8 In the patient presented here, neither genetic testing nor screening of relatives was performed.
With normal outer diameters, but disorganised internal architecture of the cochlea, IP type III can be treated successfully with cochlear implantation when sensorineural hearing loss is profound. 9 Apart from regular complications of cochlear implants, such as facial nerve stimulation or device failure, two major problems may occur peroperatively in IP type III: perilymphatic gusher when the cochlea is opened (cochleostomy), and misplacement of the cochlear implant electrode in the IAC. Because of this possibility of electrode malpositioning, cochlear implantation in IP type III was initially not advised. 25 To prevent electrode misplacement, the surgeon should carefully consider the type of electrode to be used. 9, 10 In summary: IP type III is a rare cause of mixed conductive and sensorineural hearing loss, but the radiologist may play a crucial role in both diagnosis and treatment of the disorder.
